INTRODUCTION
In 1930 Nigg and Landsteiner (1) reported the cultivation through successive generations of the rickettsiae of typhus fever in tissue cultures as well as in a medium essentially like that of Maitland and Maitland (2) for vaccine virus. The cultures were virulent and contained large numbers of rickettsiae. A full account of the method and results was presented in a later paper (3) . In 1931 Sato (4) reported the cultivation of the virus of typhus fever through thirteen generations using Descemet's membrane imbedded in coagulated plasma, but he was never able to demonstrate rickettsiae morphologically in such cultures with certainty. Subsequently, Pinkerton and Hass (5, 6) described the cultivation of typhus fever rickettsiae by imbedding infected tissue in coagulated plasma. They state that in the majority of cases the rickettsiae whilst numerous in the first generation cultures disappeared quite rapidly in successive transfers. They were able to maintain such cultures through successive transfers for 52 days, using an incubation temperature of 32 °, stating that such cultures kept at 37.5°C. for 11 days were non-virulent and showed no rickettsiae histologically. In 1932 Hoshizaki (7) reported on the cultivation of rickettsiae from Manchurian typhus fever, using infected tunica imbedded in coagulated plasma on a cover-glass. He was unable to carry such cultures beyond the fifth generation. During the same year Yu (8) was able to cultivate typhus fever rickettsiae also using infected tissues imbedded in coagulated plasma. Although he carried such cultures through six generations, he found rickettsia-like organisms in only one culture. In 1933 Kemp (9) reported briefly that he had duplicated the work of Nigg and Landsteiner on the cultivation of typhus fever rickettsiae.
Since the first papers from this laboratory on the cultivation 'of typhus fever rickettsiae, various phases of this study have been continued. The present study is concerned with the preservation of the viability and virulence of the typhus fever rickettsiae in cultures and infected tissues.
Several strains of typhus fever rickettsiae, isolated in September, 17 1931 , from guinea pigs infected with the murine type of typhus fever, I have been carried without interruption in cultures b y successive transfers, using the method described in an earlier paper (3). During the 3 years which have elapsed since these cultures were initiated, there has been no evidence of diminution in virulence, the febrile reactions and scrotal lesions obtained in guinea pigs with the last generations being indistinguishable from those produced b y the passage strain which has been maintained in animals. Rickettsiae are, as a rule, found in enormous numbers in the tissue bits in routine cultures (the stained preparations resembling those of ordinary bacterial cultures in this respect) and are readily demonstrable in the tunica exudate in guinea pigs infected with these cultures.
E X P E R I M E N T A L
A routine strain of typhus fever was used throughout this work. For the preparation and staining of the cultures, reference is made to the previous paper (3) . In these experiments the serum-Tyrode medium was used as described except that the ratio of serum to Tyrode solution was 1 to 5 respectively and phenol red (0.0012 per cent) as an indicator was added to the latter. In the later generations the stock cultures were transferred routinely about once a month.
All of the flasks of each experiment summarized in Tables I and II were prepared simultaneously, using the same inoculum and medium constituents, and placed in the same incubator for 10 to 14 days, at the end of which time slides were made from 2 or 3 flasks to determine whether satisfactory multiplication had occurred. The remaining unopened flasks were then kept at the following temperatures: 37 °, 20 °, -4 ° and -20°C. After the intervals given in the protocols, the cultures were transferred to fresh medium and inoculated intraperitoneally into male guinea pigs to determine both the viability and virulence of the cultures. The febrile reaction and the development of scrotal lesions in each guinea pig were charted. When the symptoms had subsided, the animal was killed, and an emulsion of the brain was used to transfer the infection to other male guinea pigs. At the first indication of infection in these latter animals the scrotal lesions were examined for rickettsiae, and blood cultures were made from the heart,s blood to rule out concomitant infections. Microscopical examination for rickettsiae and blood cultures were not made on the first animals injected with culture material as that would have necessitated killing the animals in the early stage of the disease, so that the course of the febrile and scrotal reactions would have been incomplete.
P.-ESULTS
In Table I are given the results of comparative tests at -4°C., 20°C. and 37°C. All the cultures in this experiment were prepared at the same time and incubated at 37°C. for 10 days after which they were kept at the various temperatures and tested after the intervals indi- cated. This experiment was done with cultures in the 60th generation of a strain of murine typhus isolated in September, 1931. It will be noted that the cultures were no longer viable or infectious after being stored for 10 days at -4°C. or 4 weeks at 20°C., whereas those kept in the 37°C. incubator were viable and virulent for at least 12 weeks.
In Table II are given the comparative results at 37°C. and at very low temperatures maintained in a freezing box at -20°C. to -25°C.
Preliminary experiments had shown that the cultures could be kept at such low temperatures quite as satisfactorily as at 37°C. Therefore, tests were not made in these particular experiments until the cultures had been stored for several months. The results from three separate experiments are given in Table II . At the'end of 10 weeks found to be viable, and a portion of the material inoculated into a guinea p!g gave rise to an infection with typical scrotal swelling.
Many experiments of this kind have been performed in the course of this work, but only a few, which are typical of the results as a whole, are presented in detail. All of 13 experiments at -4°C . were entirely negative in that cultures could never be recovered and characteristic infections in guinea pigs were never obtained with cultures stored for only 10 days. Of 20 experiments at 20°C., 3 out of 5 were positive after 3 weeks' storage, 1 out of 12 after 4 weeks' storage and none out of 3 after 5 weeks. At 37 ° and -20°C. the results were not always as uniform, some cultures kept at 37 ° surviving longer than others of the same series at -20 °, and vice versa, but in general, cultures survived at both these temperatures for several months as compared to several days or weeks at the intermediate temperatures of -4 ° and 20°C. respectively, so that cultures were routinely stored at 37 ° and -2 0 ° during two successive summers for 10 to 12 week intervals and easily recovered with the first transfers thereafter.
To determine whether the results of the above experiments were influenced by a possible adaptation of the rickettsiae to culture conditions, similar tests were made on first generation cultures and on infected tunica suspended in the serum-Tyrode mixture, the flasks for both experiments being kept unopened at 37°C. for the intervals given in Table III . At the expiration of the stated intervals, the cultures in the first generation series were transferred, some of the material from each flask being injected into guinea pigs for virulence. Excellent cultures were obtained from those stored for 15 weeks, as well as for 8 and 10 weeks. The guinea pigs all showed typical typhus infection and rickettsiae were found in tunica scrapings when such examinations were made. The flasks in the series with infected tunica were tested by injecting guinea pigs. After 10 weeks' storage, such material produced a typical infection with a temperature of 40.2 ° on the 6th day, accompanied by intense scrotal swelling, the slides from the exudate showing rickettsiae. This method of preserving the infectiousness of tissues from typhus-infected guinea pigs would thus seem to be as satisfactory if not better than that of freezing and storing the whole brain or spleen in stoppered bottles at -20°C., which has been used in this and other laboratories. No systematic comparison between these two methods has been made, but it would seem that the former may be preferable, especially in the case of the murine typhus.
DISCUSSION
Earlier attempts to preserve the infectiousness of blood and tissues from typhus-infected animals were attended with variable success. Landsteiner and Hausmann (10) found that emulsions of brain from typhus-infected guinea pigs remained virulent for at least 6 days at 0°C. and 7 days if kept frozen. Olitsky (11, 12) found that blood from typhus-infected guinea pigs remained infectious only 24 hours at 37°C. but such blood added to a variety of media and kept at 37°C. under aerobic conditions remained infectious for 5 days, while glycerolated brain was no longer infectious a~ter 7 days at 6°C. Hoshizaki (13) found that the blood from typhus-infected guinea pigs remained virulent for 18 days at 4-8°C., 2 days at -15°C. and 7 days at a room temperature of 14-18°C. Laigret and Durand (14, 15) report that the brain of typhus-infected animals remains infectious for at least 20 days when kept frozen at -1 2 ° to -15°C. stating that the virus dies within a few hours at ordinary temperature and within 2 to 3 days at 0°C. Kemp (16) found that tissues from typhus-infected animals were no longer active when stored in glycerol at 9°C. for 2 weeks. Bruynoghe and Jadin (17) showed that typhus virus in brain tissue of rats caught on boats in Antwerp could be preserved in the ice box at 4°C. for approximately 1 week.
As has already been pointed out, the preservation of virulence and viability of the cultures for many weeks as described in this paper was in all probability not due to prolonged cultivation in vitro, as was shown by the observation that infected tissue (tunica) remained virulent for at least 10 weeks at 37 ° when minced and suspended in the serumTyrode mixture in stoppered flasks. Moreover, first generation cultures remained viable and virulent for at least 15 weeks at 37°C. without having been transferred.
It should be emphasized that the culture flasks were closed with paraffined rubber stoppers. This seal was not broken in the cultures which were used in viability experiments, since earlier experience had indicated that an unbroken seal tended to prolong the viability of the cultures. It has been the experience, in the course of this work, that a rapid increase in the pH of the medium occurred as the result of an incomplete seal, or the temporary removal of the stopper. This rise in pH is presumably due in part, at least, to loss of CO,. Although of first importance, a favorable reaction is probably not the only factor responsible for the prolonged viability of typhus cultures stored at suitable temperatures. Another effect of the paraffined stopper may possibly be to maintain the oxygen tension as established by the living tissue during the early period of incubation, and it would seem worthy of consideration that a broken seal would lead to changes in the oxygen tension which may be deleterious.
It has been stated by a number of investigators that certain viruses remain viable in cultures only as long as the tissue remains viable. Thus Hecke (18) who has reported in detail on the cultivation of the virus of foot and mouth disease, states that the death of the tissue in the medium is accompanied by rapid destruction of virus, adding that tissue necrosis is well known to cause the destruction of virus. Hallauer (19) found that the titer of his cultures of chicken plague dropped rapidly after the 4th day of incubation. He considered this to be due to the susceptibility of the brain tissue to the virus, the latter increasing rapidly to a concentration which caused the death of the tissue and with it that of the virus. Haagen and Theiler (20) express the opinion, as the result of their work on the cultivation of the virus of yellow fever, that this virus also requires the presence of living tissue in order to remain viable itself in vitro. These authors also report a drop in titer beginning with the 4th or 5th day of incubation. Concerning the behavior of typhus fever rickettsiae in culture, Pinkerton and Hass (6) state that the rickettsiae seem to require for their propagation and survival, cells in which metabolism is taking place. They observed that the organisms disappear in less than 1 week when the cells undergo degeneration.
One may assume that in the experiments described in this paper the prolonged viability of the organisms was not dependent on that of the tissue once multiplication had taken place, for it would not seem possible that tissue could remain alive for several months at 37°C. in the medium described. It has previously (3) been pointed out that the rickettsiae are similar to viruses in general in that they also seem to require living tissue for their multiplication in vitro. Whether the preservation of cultures of filterable viruses under conditions similar to those suitable for rickettsiae would be possible requires further study.
Pinkerton and Hass (6) state that rickettsiae disappear in successive transplants more rapidly from cultures kept at 37.5 ° than at 32 °. An explanation for the apparent discrepancy between our results and those of Pinkerton at 37 ° may lie in the different cultural conditions involved, the latter using growing tissue imbedded in coagulated plasma. We have noted that the acidity produced in such cultures i s considerably retarded at 32 ° as compared with 37 °.
So far, no explanation can be offered for the peculiar differences in the results conditioned by the various temperatures. It is not clear why the viability of the cultures is maintained for long periods at 37 ° and -2 0 ° but not at the intermediate temperatures of 20 ° and -4 °, the other conditions being identical. That organisms can remain viable for a long time at very low temperatures probably finds explanation in the slowing down of metabolic activity, but it is difficult to find an explanation for the fact that the same organism survives for a very much longer time at 37 ° than at 20 ° , and longer at 20 ° than at , 4 ° .
With regard to the etiological significance of the rickettsiae of typhus fever, it is noteworthy that the infectiousness of the cultures kept at the various temperatures for varying periods of time seemed in general to run parallel to the number of viable rickettsiae in the cultures. Moreover, the 61st generation of a strain which had been carried in cultures for over 2½ years, transfers always being made with material selected for its abundance of rickettsiae, gave rise to characteristic typhus infection in guinea pigs and typical Weft-Felix reaction when injected into a rabbit. SUMMARY I. Cultures of typhus fever rickettsiae were as a rule found to remain viable and virulent after being stored at 37 ° and -20°C. for several months, whereas they failed to survive when stored at the intermediate temperatures of 20 ° and -4°C. for 4 weeks and 10 days respectively. In one instance cultures were stored at 37°C. for 8 months without having been transferred, and were subsequently found to be viable and infectious.
2. The conditions influencing such long survival of an organism which seems to require living tissue for multiplication (as filterable viruses do in general) are discussed.
3. Typhus-infected tissues (minced guinea pig tunica) suspended in a serum-Tyrode mixture in sealed flasks remained infectious at 37°C. for at least 10 weeks.
4. Additional evidence for the etiological significance of the rickettsiae in typhus fever is obtained from the experiments described.
